Introduction
In the electrodeposition of Zn on steel sheets in a commercial production line, Fe ions dissolved from steel sheets are present at levels of several thousands of ppm as an impurity in the solution. The deposition of Zn alloy with irongroup metals is well-known as a typical anomalous codeposition in which electrochemically less noble Zn deposits preferentially under most plating conditions. [1] [2] [3] This anomalous codeposition can be explained by the Zn hydroxide suppression mechanism in which the deposition of more noble iron-group metal is strongly suppressed in the presence of inhibitory Zn(OH) 2 formed preferentially and adsorbed on the cathode. [1] [2] [3] As a result of this anomalous type of codeposition, Fe, which is present at levels of several thousand ppm as an impurity in the bath, hardly codeposits with Zn. However, since various inorganic and organic impurities are also present in the solution in addition to Fe, these may have some effects on the codeposition behavior of Fe.
Electrogalvanized steel sheets coated with transparent organic composite films, in the form of functional conversion-coated steel sheets, are used extensively for home electrical appliances because of their excellent resistance to corrosion and fingerprints. Codeposition of Fe with Zn is expected to have deleterious effects on the appearance and the corrosion resistance of functional conversion-coated steel sheets. In this study, the effects of secondary inorganic and organic impurities on the codeposition of Fe with Zn were investigated in solutions containing both Fe and other inorganic or organic impurities. Cu, which is more noble than Fe; MoO 4 2Ϫ , which catalyzes the deposition of irongroup metals 4) ; and Ni, which acts as a less-noble metal in anomalous Fe-Ni alloy deposition, were added with Fe in solution as inorganic impurities. A quaternary ammonium salt surfactant 5) that strongly adsorbs on the cathode was added as an organic impurity in solutions that also contained Fe. ) and galvanostatic conditions of 1-1000 A/m 2 at 40°C. Although steel sheets are used as cathodes in commercial production lines, aluminum sheets measuring 1ϫ2 cm 2 were used as cathodes in this study to permit quantitative analysis of any Fe codeposited with Zn. Platinum sheets were used as the anodes. Because Fe 2ϩ is oxidized to Fe 3ϩ at a platinum anode during electrolysis, a closed type of H-section cell in which the catholyte was separated from the anolyte by sintered glass was used to conduct the electrolysis. A small amount of Ar gas was consistently injected into the cell to prevent oxidation of Fe 2ϩ during electrolysis. The deposited alloys were dissolved from the cathode with nitric acid. Each metal was quantitatively analyzed by inductively coupled plasma spectroscopy, and the impurity content in the deposits, the cathode current efficiency and the partial current densities for deposition of Zn and impurities were calculated. The cathode potentials during the alloy deposition were measured against a saturated Ag/AgCl reference electrode (0.199 V vs. NHE, 25°C). In the presentation of polarization curves, the potentials are plotted with reference to the NHE. The chemical state of Mo codeposited with Zn was investigated by electron spectroscopy for chemical analysis (ESCA). Figure 1 shows the Fe content in deposits and the current efficiency for metal deposition in a zinc sulfate solution containing Fe as the sole impurity. The Fe content in deposits was less than 0.001 mass% for whole current density region examined, indicating that the Fe, which was present at a level of several thousands of ppm as an impurity in the bath, barely showed any codeposition with Zn. In the anomalous-type codeposition of Zn-iron-group metal alloys, the hydroxide suppression mechanism is widely accepted as explained in literature. [1] [2] [3] According to this mechanism, Zn(OH) 2 is formed on the cathode as a result of a rise in the pH of the cathodic layer, and the deposition rates of irongroup metals are greatly suppressed by the inhibitory effect of Zn(OH) 2 adsorbed on the cathode. The Fe content in deposits was less than 0.001 mass% in this study; this is ascribed to suppression of Fe deposition through the Zn hydroxide suppression mechanism. On the other hand, the current efficiency for Zn deposition increased with increasing current density.
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The impurity content in deposits and the current efficiency for metal deposition from zinc sulfate solutions containing both Fe and Cu as impurities are shown in Fig. 2 . In solutions containing Fe and Cu as impurities, Fe evidently codeposited in whole current density region examined in this study. The Fe content in the deposits was a maximum at about 5 A/m 2 and gradually decreased with increasing current density. The Cu content in deposit was a maximum of 93.7 % at 1 A/m 2 and abruptly decreased with increasing current density. Figure 3 shows the partial polarization curves for Zn, Fe, and Cu deposition from a solution containing Fe and Cu as impurities. Zn began to deposit at its equilibrium potential of Ϫ0.76 V vs. NHE. Cu deposited with almost a constant partial current density at all the cathode potentials examined, showing that the limiting current density of Cu had been reached. Fe began to deposit at a less noble potential than the equilibrium potential of Zn, and the deposition rate further increased as a result of an increase in active sites free from adsorbed Zn(OH) 2 when Zn began to deposit. The sharp decrease in the Cu content of deposits with increasing current density (Fig. 2) is ascribed to the limiting current density of Cu having been reached.
In zinc sulfate solutions containing Cu as an impurity, Cu deposits at its limiting current density even in the region of current density that is lower than the minimum current density required to initiate Zn deposition 6) (known as the critical current density for Zn deposition): the cathode surface should therefore be continually replaced by deposited Cu. Authors have previously reported that in the electrodeposition of iron-group metals on a coupled Cu/Zn electrode, iron-group metals deposit preferentially on the Cu area of the coupled electrode. 7) Although Fe deposition is suppressed through the Zn hydroxide-suppression mechanism in the presence of Zn ions, [1] [2] [3] Cu is expected to promote deposition of Fe by providing Fe ions with active sites that are free of adsorbed Zn hydroxide. A similar phenomenon has been reported in a purification process using Zn dust in Zn electrowinning solution. 6, 8) In the purification process, it is difficult to remove iron-group metal ions from the Zn leaching solution by cementation using metallic Zn dust alone because inhibitory Zn(OH) 2 adsorbs on the Zn dust. However, the addition of Cu 2ϩ to the solution increases the removal rate of iron-group metal ions because the deposited Cu supplies active sites that are free of Zn hydroxide. As shown in Fig. 2 in this study, the decrease in Fe content in deposits with increasing current density above 5 A/m 2 can be ascribed to a decrease in the number of active sites for Fe deposition that are free from Zn(OH) 2 , as a result of a decreased Cu content in the deposit. The concentration of Cu ions in the electrolyte of a commercial production line is significantly less than 100 ppm. Because Cu deposits at the limiting current density, its deposition rate is proportional to its concentration in solution. It is therefore possible to estimate the degree of Fe codeposition by analyzing the concentration of Cu in solution in a commercial production line, on the assumption that the number of active sites free of adsorbed Zn hydroxide is proportional to the concentration of Cu in the solution.
The impurity contents in deposits and the current efficiencies for Zn deposition in zinc sulfate solutions containing both Fe and Mo as impurities are shown in Fig. 4 . Fe shows hardly any deposition at any current density in the Mo-containing solutions. It has been reported that irongroup metals have the inherent property of not beginning to deposit at their equilibrium potentials, and a minimum overpotential is required to initiate their deposition. [1] [2] [3] Oxygen-containing compounds, such as MoO 4 2Ϫ and ReO 4 Ϫ , act as catalysts to decrease the minimum overpotential for deposition of iron-group metals. 4, 11) Although Fe would be expected to codeposit with Zn in a Mo-containing solution, in practice Fe hardly showed any deposition: this is the a result of the greater suppressive effect of Zn(OH) 2 on the deposition of Fe. The adsorption sites for MoO 4 2Ϫ seem to be occupied by Zn(OH) 2 , which is adsorbed preferentially on the cathode. On the other hand, Mo evidently codeposited with Zn and the Mo content in deposits increased with decreasing current density. At current densities below 10 A/m 2 , where the Mo content in deposits was highest, the current efficiency for Zn deposition was lower in a solution containing both Fe and Mo than in a solution containing Fe alone, as shown in Fig. 1 .
The chemical state of Mo in deposits was investigated by ESCA. Figure 5 shows the ESCA spectra of Mo in deposits obtained at 1 A/m 2 from a zinc sulfate solution containing both Fe and Mo as impurities. Mo appears to codeposit with Zn in the form of an oxide. It has been reported that MoO 4 2Ϫ in solution is electrochemically reduced to MoO 2Ϫn (OH) 2n (nϭ0-2) of tetrad lower Mo oxide. 12) In this study, Mo seems to be present in deposits in the form of MoO 2Ϫn (OH) 2n . The decrease in current efficiency for Zn deposition at current densities below 10 A/m 2 in solutions containing Fe and Mo appears to be the result of reduction of MoO 4 2Ϫ to MoO 2Ϫn (OH) 2n . Figure 6 shows the impurity contents in deposits and the current efficiencies for metal deposition in zinc sulfate solutions containing Fe and Ni as iron-group-metal impurities. Neither Fe nor Ni codeposited to a significant extent with Zn in any current-density region. Because Ni deposition is also suppressed by the presence of Zn hydroxide, as in the case of Fe, the presence of Ni has no effect on Fe deposition. No change in the current efficiency for Zn deposition was observed in the presence of Ni. Figure 7 shows the Fe content in deposits and the current efficiency for Zn deposition in a zinc sulfate solution containing Fe and organic C18-Benzyl cationic surfactant as an impurity. In solutions containing Fe and C18-Benzyl, Fe evidently codeposited with Zn in whole current density region. The Fe content in deposits increased with increasing current density, showing an inverse current density dependence of the Fe content in deposits compared with solutions containing Fe and Cu. On the other hand, the current efficiency for Zn deposition decreased slightly when C18-Benzyl was present in the solution, as seen from Figs. 1 and 7 . Figure 8 shows the partial polarization curves for Zn and Fe deposition from a solution containing C18-Benzyl and Fe as impurities. The cathode potential for Zn deposition was polarized by addition of C18-Benzyl. The C18-Benzyl surfactant suppresses Zn deposition as a result of its adsorption on the cathode. Some sites for adsorption of Zn(OH) 2 on the cathode seem to be occupied preferentially by C18-Benzyl. Fe deposition ought to be suppressed by both Zn(OH) 2 and C18-Benzyl adsorbed on cathode; however, Fe obviously codeposited with Zn from solutions containing C18-Benzyl and Fe, as shown in Fig. 7 , indicating that the suppression effect of C18-Benzyl on Fe deposition is smaller than that of Zn(OH) 2 . A similar phenomenon to this was also observed in hydrogen evolution during Zn deposition. As with Fe deposition, a minimum overpotential is required to initiate evolution of hydrogen, and hydrogen evolution is suppressed by inhibitory Zn(OH) 2 adsorbed on cathode.
Codeposition Behavior of Fe in a Solution Containing Both Fe and an Organic Impurity
13) Figure 9 shows the effect of C18-Benzyl on the total polarization curves from Zn electrowinning solution. Hydrogen evolution alone occurred when the cathode was at a more noble potential than the Zn equilibrium potential of Ϫ0.76 V vs. NHE. As the current density increased, Zn deposition began at a critical current density when the cathode was polarized and reached the equilibrium potential of Zn. It has been reported that the critical current density for Zn deposition should be identical to the minimum hydrogen evolution rate required to polarize the cathode to the equilibrium potential of Zn. 14) As can be seen from Fig. 9 , the critical current density for Zn deposition (that is, the minimum hydrogen evolution rate) increased with addition of C18-Benzyl to the solution, indicating that the suppressive effect of C18-Benzyl on hydrogen evolution is smaller than © 2007 ISIJ that of Zn(OH) 2 . It is well known that the deposition of Fe and hydrogen is greatly suppressed by adsorbed Zn(OH) 2 , which restricts the availability of deposition sites on the cathode. 13) C18-Benzyl appears to diminish the suppressive effect of Zn(OH) 2 on Fe and hydrogen deposition. Because C18-Benzyl is a cationic surfactant, its adsorption capacity on the cathode increases on polarizing the cathode to a less noble potential, that is, with increased current density. The increase in the Fe content of deposits with increased current density (Fig. 7) is apparently due to an increase in the adsorption of C18-Benzyl.
Conclusion
The codeposition behavior of impurities with Zn was investigated in zinc sulfate solutions containing Fe and other organic or inorganic impurities. Fe hardly codeposited with Zn in the solution containing both Fe and Mo or Ni as impurities. The codeposition of Fe seems to be strongly suppressed in the presence of Zn 2ϩ ions through the Zn hydroxide suppression mechanism. In solutions containing Fe and Cu, Fe evidently codeposited with Zn. The Fe content in the deposit decreased with increasing current density. The role of codeposited Cu is considered to promote Fe deposition by providing active sites free from adsorbed Zn hydroxide. In solutions containing Fe and benzyl(dimethyl)(stearyl)ammonium chloride as an impurity, significant amounts of Fe were codeposited. The cathode potential for Zn deposition was greatly polarized by addition of C18-Benzyl, and the Fe content in deposits increased with increasing current density. C18-Benzyl seems to preferentially adsorb on cathode and diminish the suppressive affect of Zn(OH) 2 on Fe deposition.
